This paper explores the long-term evolution of a subglacial fjord landscape in the Shackleton Range, Antarctica. We propose that prolonged ice-sheet erosion across a passive continental margin caused troughs to deepen and lower the surrounding icesheet surface, leaving adjacent mountains exposed. Geomorphological evidence suggests a change in the direction of regional ice flow accompanied emergence. Simple calculations suggest that isostatic compensation caused by the deepening of bounding ice-stream troughs lowered the ice-sheet surface relative to the mountains by ~ 800 m. Use of multiple cosmogenic isotopes on bedrock and erratics ( 26 Al, 10 Be, 21 Ne) provides evidence that overriding of the massif and the deepening of the adjacent troughs occurred earlier than the Quaternary. Perhaps this occurred in the mid-Miocene, as elsewhere in East Antarctica in the McMurdo Dry Valleys and the Lambert basin. The implication is that glacial erosion instigates feedback which can change ice-sheet thickness, extent and direction of flow. Indeed, as the sub-glacial troughs evolve over millions of years, they increase topographic relief and this changes the dynamics of the ice sheet.
Introduction
We explore the long-term evolution of the Shackleton Range, a massif in the Weddell Sea sector of the Transantarctic Mountains (Fig. 1) . The massif is bounded by the Slessor and Recovery outlet glaciers which drain the East Antarctic Ice Sheet. If deglaciated the massif would comprise a fjord landscape, with Slessor and Recovery glaciers now filling troughs excavated below sea level. Fjord landscapes in the Northern Hemisphere are characteristic of passive continental margins bounding the North Atlantic and are especially well developed in Norway (Holtedahl, 1967) , northeast Greenland (Bretz, 1935) and Baffin Island (Løken and Hodgson, 1971) . Here most fjords exploit pre-existing river valleys and dissect relatively flat uplands. Their origin is thought to primarily reflect interplay between ice-sheet dynamics and topography (Kessler et al., 2008) , while their morphology is also affected by the pattern of both basal thermal regime (Briner et al., 2008; Kleman et al., 2008) and rock strength (Augustinus, 1992; Swift et al., 2008) . In the Northern Hemisphere, the interpretation of long-term evolution is based mainly on inferences from landscape form. The advantages of studying such a landscape in the Antarctic is both that the glacial processes are there to see and that there is a long history of ice-sheet glaciation extending back tens of millions of years, rather than the shorter glacial episodes of the Northern Hemisphere.
There is a long-held view that the erosion of troughs through passive continental margins leads to the progressive emergence of intervening uplands from beneath an ice sheet. The transition from dissected coastal mountains to inland plateau landscapes around existing and former Northern Hemisphere ice sheets has been interpreted as showing that, during the course of glaciation, outlet glaciers establish lower and shallower ice-sheet surface gradients as they deepen and extend their troughs (eg. Fig. 10 .12 in Sugden and John, 1976) . The deeper the trough and the more it extends inland, the lower the resulting ice sheet surface will be and the greater the extent of exposed surrounding uplands. In many locations, and indeed in the Shackleton Range, local plateau ice caps can build up on the exposed mountains. A contributing factor to emergence is isostatic recovery achieved as a result of the substitution of the rock volume of a trough by less dense ice. This latter process can account for the uplift of adjacent massifs by hundreds of metres (Kerr and Gilchrist, 1996; Stern et al., 2005; . A further implication is that the process of erosion itself introduces feedbacks which affect the dynamics of the ice sheet, even its oscillations (Tomkin, 2003; Hein et al., 2011) .
In view of the interaction of ice sheets with independent tectonic, sea-level and climatic controls, it is difficult to quantify the role of glacial erosion in the emergence of uplands. However, there is evidence elsewhere in East Antarctica of ice in mountainous areas that was thicker at an early stage and this can be interpreted as partly reflecting rock exposure as a result of glacial erosion. For example, an ice sheet roughly 1000 m thicker than present overrode the topography of the Dry Valleys and Convoy mountain blocks in southern Victoria Land (Sugden and Denton, 2004) . 40 Ar/ 39 Ar ages of volcanic ashes suggest this occurred at ~14 Ma and the mountains have been largely free of an ice sheet since (Marchant et al., 1993) . Cosmogenic nuclide analyses in Queen Maud Land suggest that the mountains have emerged from beneath the ice sheet in the last 1-4 Ma (Altmaier et al., 2010) . Glaciomarine deposits on the flanks of the Lambert Glacier are pre-late Miocene and late Miocene in age and have been uplifted by 500 m and 200 m respectively (Hambrey et al., 2007) . Further, low temperature thermochronology has been used to argue that the Lambert trough was deepened 1.6-2.5 km during the early stages of Antarctic ice-sheet glaciation (Thomson et al., 2013) . It is possible that these landscape changes result from the lowering of the ice-sheet surface in response to the progressive deepening of adjacent glacial troughs, although other explanations cannot be ruled out. In the case of the Shackleton Range it is possible to isolate the role of glacier erosion with more confidence.
The Shackleton Range
The Shackleton Range is part of the Transantarctic Mountains that extends over 3000 km across Antarctica (Fig. 1 inset) . The mountain block extends 200 km from east to west and 75 km from north to south (Fig. 2) . The bounding Slessor Glacier to the north is 50 km wide and in places the bed is 2000 m below sea level . Recovery Glacier to the south is 70 km in width and in the vicinity of the western Shackleton Range, the trough is ~ 2000 m below sea level. The high velocities and low gradients of both glaciers have been argued to show that they currently flow on sediment Rippin et al., 2006) . Local glaciers flow radially from an ice cap centred on the massif. There are numerous small winddrift glaciers dotted on otherwise ice-free areas accumulating on the western lee slopes of topographic highs.
The Shackleton mountain block is eroded wholly into basement rocks, mainly shales, sandstones and gneiss (Höfle and Buggisch, 1995; Stephenson, 1966) . This contrasts with most of the Transantarctic Mountains, including the adjacent blocks of Whichaway Nunataks to the south and the Theron Mountains to the north, which are capped by Beacon Supergroup sediments, mainly sandstones (Kerr et al., 2000) . In common with most of the Transantarctic Mountains the gross morphology is of faultbound mountain blocks with a coastal escarpment and a plateau surface which in the east disappears beneath the East Antarctic Ice Sheet. In the Shackleton Range the Read Mountains on the south-eastern flank of the massif at ~1800 m are the highest summits (see Fig 1 for location) . The western front of the mountain block comprises an escarpment rising 700-800 m above the Filchner Ice Shelf. Offshore, beneath the ice shelf, is the Thiel trough with a depth of over 1500 m extending northwards to the Filchner trough in the Weddell Sea (Makinson and Nicholls, 1999) . Water depths are 900 m within 25 km of the summit of Mt. Provender at 950 m, the northwest point of the range. This morphology is typical of a passive continental margin and erosion of the mountains would have followed continental break up which, in the case of this part of the Weddell Sea, began around 136 Ma (Rogenhagen et al., 2004) .
In the Shackleton Range a suite of landforms can be used to reconstruct the fluvial landscape prior to glaciation. Figure 3 shows escarpments, surfaces, valleys and rectilinear slopes in the western part of the mountains. The highest ground, comprising the rolling upper slopes of the Read Mountains with elevations of 1800-1950 m, is to the south and east of the mapped area (Fig. 1) . The geomorphology reveals remarkably flat surfaces north and west of the core uplands. The surfaces are cut across different rock types (Höfle and Buggisch, 1995) . With increasing distance from the core upland, the surfaces narrow and give way to ridges, often with rectilinear slopes. Valleys, most occupied by glaciers, radiate out from the upland axis. There are dendritic patterns to the north and the slopes in less-glaciated areas in the northwest are commonly rectilinear in form. Sinuous convergent patterns in the ice surface reflect subglacial valleys flowing south from the upland axis towards Recovery Glacier. In the northern oases of Mount Provender and Mount Skidmore are gently rolling slopes dotted with conical inselbergs, many of which rise cleanly above gentler slopes around them. This open landscape extends to the edge of Slessor Glacier where its elevation is only 240 m above sea level. All these features are typical of the erosion of a passive continental margin with mountain blocks eroded by fluvial processes and escarpments invigorated by a new base level as a result of rifting (Beaumont et al, 2000; Jamieson and Sugden, 2008) . There are likely to have been river valleys originating in interior mountains and flowing to the coast between mountain blocks (Bo et al., 2000; Rose et al., 2013; Webb, 1994) . In the Shackleton block the pattern of escarpments parallel to or linked to tributaries some tens of km inland suggests slope retreat from a river system which is graded to sea level, at least in its lower reaches. Thus we envisage that the mountains were bounded by two through river valleys, Slessor and Recovery, with wide floors close to sea level.
There is evidence of overriding ice covering the western Shackleton Range and flowing to the northwest (Fig. 3 ). This evidence includes striated rock surfaces in the Read Mountains at 1750 m and at Stephenson Bastion at 1600 m, roches moutonnées showing ice flow from the southeast on the plateau at Stephenson Bastion and the summit of Mt Provender itself (Kerr and Hermichen, 1999) , and glacial erratics of exotic Beacon Sandstone found at 1780 m in the Read Mountains, 1600 m and 1785 m on Stephenson Bastion, and 1200 m on Flat Top, 23 km southeast of Mount Skidmore (Höfle and Buggisch,1995) . Erratics on Stephenson Bastion include limestones unknown in the Shackleton range but which occur in the Pensacola Mountains to the south. The deposits on the upper surfaces are highly weathered with many clay-sized particles and a salt crust up to 2 cm thick and are comparable to surfaces in the Dry Valleys that are millions of years old (Höfle, 1980) . Taken together, the orientation of the erosional forms and the presence of exotic erratics known to occur to the south support the notion that ice moved in a northwesterly direction across the summits of the Shackleton Range. The altitude of the features implies overriding ice with a thickness at least 650 m higher than the surface of the present Recovery Glacier.
Samples and methods
In an earlier pilot study Fogwill et al. (2004) used cosmogenic 10 Be and 26 Al concentrations in three bedrock samples, one with striations, to establish that there has been no significant burial of the samples for between 1.16 ± 0.10 Ma and 3.0 ± 0.3 Ma. The implication is that the overriding event occurred in the Pliocene or earlier.
Here we increase the number of samples and have also carried out analysis of 21 Ne on the original samples.
The three pilot samples presented by Fogwill et al. (2004) were taken from escarpment tops at Stephenson Bastion and Mt. Provender (SB1/J29; SB2/J31; NL1/J22). Additional samples were collected at the time in the Read Mountains overlooking Recovery Glacier (Fig. 1) ; sample AC1/F2 was from a rock knoll on the broad escarpment to the south of Arkell Cirque, sample AC2/F2 from a ridge top near Eskola Cirque, and AC3/F3 from the summit slope of Bowen Cirque, an outlier of the Read Mountains (Fogwill et al., 2004) . All these bedrock surfaces are iron stained, deeply weathered and affected by in situ rock shattering. Eight further samples were taken from lower summits. Sample LH1/J15 is from a bedrock knoll on Lister Heights, northwest of Fuchs Dome (Fig. 3) . Two further samples were taken from the plateau surface of Stephenson Bastion. Sample SB1/J29 is from a glacially smoothed slab, complete with striations on a surface with patches of till, a partly clay matrix and striated clasts. Sample SB2/J31 comes from a weathered quartzite surface with many loose blocks (Fogwill et al., 2004) . Four samples (NL1/J22, CF157-08, CF158-08, CF162-08) come from gneiss bedrock on the slopes of the convex, ice-moulded summit of Mount Provender (950 m), while another sample (CF159-08) is from a gneiss erratic block on the same hill. These latter four samples from Mt. Provender were collected during a more recent expedition in 2008.
The sampling density over a large mountain area leaves much to be desired; it reflects both the inaccessibility of the Shackleton Range and the fact that one of the authors broke his leg in the field and had to be evacuated! Nonetheless, even sparse evidence from such a remote area is valuable. Since the samples were collected by different expeditions on different occasions and have been analysed for different isotopes in different laboratories over a succession of years, we bring together all the results in Tables 1 and 2 in standardised form. Also for coherence we describe the analytical methods in detail.
Whole rock samples were crushed and sieved to obtain the 250-710 µm fraction. The 10 Be and 26 Al isotopes were selectively extracted from the quartz component of the whole-rock sample at the University of Edinburgh's Cosmogenic Nuclide Laboratory following procedures adapted from the methods of Bierman et al. (2002) and Kohl and Nishiizumi (1992) . Measurements of 10 Be/ 9 Be and 26 Al/ 27 Al isotopic ratios made in 2011 were conducted at the AMS facility at the Scottish Universities Environmental Research Centre (SUERC) in Glasgow, UK (Table 1) . Measurements are normalised to the NIST SRM-4325 Be standard material with a revised (Nishiizumi et al., 2007) nominal 10 Be/ 9 Be ratio of 2.79 x 10 -11 and half-life of 1.387 Ma (Chmeleff et al., 2010; Korschinek et al., 2010) , and the Purdue Z92-0222 Al standard material with a nominal 26 Al/ 27 Al ratio of 4.11 x 10 -11 which agrees with the Al standard material of Nishiizumi (2004) with half-life of 0.705 Ma (Xu et al., 2010) .
10 Be/ 9 Be and 26 Al/ 27 Al isotopic ratios measured in 2006 at the ETH tandem AMS facility in Zurich, Switzerland, were normalised to their in-house S555 Be standard material and the ZAL94 Al standard material; the data in Table 1 have been renormalized Christl, 2010, Christl et al., 2013) to be consistent with the SUERC data and therefore the 07KNSTD (Be) and KNSTD (Al) standards (Nishiizumi et al., 2007; Nishiizumi, 2004) .
Neon isotopes were measured in ~250 mg of quartz (250-500µm). Samples were wrapped in aluminium foil and loaded into a Monax glass tree and evacuated to <10 -8 torr for 48 hours prior to analysis. Samples were successively heated for 20 minutes to 1200°C in a double vacuum resistance furnace with a tungsten heating element and a molybdenum crucible. The extracted gas was cleaned on two hot SAES TiZr getters. The heavy noble gases (Ar, Kr and Xe) were successively absorbed onto two charcoal traps cooled with liquid nitrogen. Neon was then absorbed on to a charcoal trap at -228°C for 20 minutes and the residual He removed by a turbo-molecular pump. The Ne was released from the charcoal at -173°C and the isotopic composition analysed using a MAP 215-50 noble gas mass spectrometer fitted with a modified Nier-type ion source, an axial electron multiplier operated in pulse counting mode. Neon abundances were determined by peak height comparison with Ne from 95.2 ± 0.5 µcc STP air. The reproducibility of noble gas abundances was better than ±1.5% and isotopic ratios of replicate calibrations were better than 0.5%. Interference corrections and detailed analytical procedure is presented elsewhere (Codillean et al., 2008) . Blanks at 1200°C were 20 Ne 1 x 10 -11 ccSTP and were indistinguishable from the atmospheric isotopic composition.
For exposure age calculations we used default settings in Version 2.1 of the CosmoCalc programme (Vermeesch, 2007 Stone (2000) . The 21 Ne production rate is tied to the 10 Be production rate with a 21 Ne/ 10 Be ratio of 4.23 (Kober et al., 2011) . Local production rates reflect lower atmospheric pressure over Antarctica (Stone, 2000) . No corrections are made for rock surface erosion or snow cover and thus exposure ages are minima. Table 1 lists sample details and nuclide concentrations, while Table 2 lists the calculated exposure ages. The relationship between 26 Al and 10 Be is shown graphically in an erosion island diagram which plots the 26 Al/ 10 Be ratios against the 10 Be concentration (Fig. 4a) . Since the half lives of the two nuclides differ, this approach helps identify significant periods of burial, for example by ice. All samples lie outside of the erosion island including one anomaly with a high 26 Al/
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Be ratio (CF157). At face value most ratios indicate burial of 200 -300 ka, assuming no rock surface erosion, while one sample from the Read Mountains (AC2/F2), a quartz vein, could indicate burial of c. 500 ka. However, the uncertainties are of a similar magnitude and this means that continuous exposure cannot be excluded. The 10 Be exposure ages come mostly from bedrock surfaces and those at higher altitudes above 1300 m in the Read Mountains, Stephenson Bastion and Lister Heights range from 1.4-2.5 Ma, indicating exposure for at least this length of time. Thus, if one excludes the anomaly with a high 26 Al/ 10 Be ratio (CF157), the new 26 Al and 10 Be data from a wider range of sites agree with the pilot study in suggesting that the mountains have been largely ice free for at least the last 1.5-2.5 Ma. Further, the complex exposures could imply that they may have been buried by ice for an additional few hundred thousand years, either by the main ice sheet or a local ice cap.
Two
10 Be exposure ages at altitudes below 900 m on Mt. Provender have a lower age range of 0.6-0.7 Ma. Since the samples also lie outside the erosion island (but overlap within uncertainties), the values indicate that both bedrock and a glacial erratic on Mount Provender have been ice free for this length of time, perhaps with an additional period of burial. A third sample from Mount Provender (CF 162) displays a complex history, indicating a longer period of burial.
The cosmogenic 21 Ne concentrations of samples from above 1600 m are consistent with exposure for 1.8-2.5 Ma and are essentially similar to the 10 Be ages. Comparison of 21 Ne and 10 Be concentrations reveals that most samples have had continuous exposure for the last few million years, since they fall within the erosion island (Fig.  4b) . Interestingly, the two samples from the lower slopes of Mount Provender (CF158 and CF157) lie outside the erosion island and indicate a complex exposure history amounting to several hundred thousand years of burial.
It is interesting to note that the ratios involving 26 
Discussion
The 26 Al, 10 Be and 21 Ne concentrations from a wider range of summit sites agree with the pilot study (Fogwill et al. 2004 ) and suggest that the high glaciated surfaces have remained largely ice-free for at least the last 1.5-2.5 Ma. This implies that the glacial overriding of at least the higher summits of the Shackleton Range took place earlier than ~2.5 million years ago. Since the exposure ages do not take into account the erosion of the rock surfaces or potential removal of overlying till, these are minimum ages. The younger values at lower altitude, with evidence of complex exposure histories in two bedrock samples, may indicate a further period of significant ice cover on the lower slopes of the northwest Shackleton Range.
When might the troughs of the Slessor and Recovery glaciers have been cut? By drawing inferences from elsewhere in Antarctica, one possibility is that they formed around 14 Ma in the mid-Miocene or earlier. This would be similar to the Dry Valleys and the Lambert Glacier areas where overriding ice eroded troughs. In the case of the Dry Valleys, mid-Miocene marine deposits exist on the floors of the glaciated Wright and Taylor valleys, demonstrating that the troughs had been deepened by the mid-Miocene (Hall et al., 1993; Webb and Wrenn, 1982) . Moreover, the troughs have not been occupied by overriding ice in the last 14 Ma. On the basis of deposits in Prydz Bay, the Lambert trough is also argued to have been excavated by ice extending to the continental shelf by the mid-Miocene. Since then a change in offshore sediments and modelling imply that the outlet glacier has been confined to the trough for the last ~14 Ma (Taylor et al., 2004) .
Perhaps the overdeepened troughs on either side of the Shackleton Range and offshore represent a comparable situation. There are several reasons for believing that most erosion would have occurred early in the glaciation of Antarctica. First, it is likely that the cyclic glacial episodes from ~34 Ma to ~17 Ma recognised in the till/meltwater couplets in the Cape Roberts' sediment cores, occurred during warmer than present climates (Naish et al., 2001) . Such early ice sheets are modelled to be widely associated with subglacial meltwater which would have aided erosion (Jamieson et al. 2010) . Secondly, these early ice sheets are thought to have extended to the edge of the continental shelf surrounding Antarctica, while, at least in East Antarctica, ice has been restricted to the continent over the last 13.6 Ma (Anderson, 1999) . It makes sense to regard the Slessor and Recovery troughs, flowing into the Thiel/Filchner trough, as part of this larger continental flow, as argued elsewhere (Hein et al., 2011) . Thirdly, there are theoretical grounds for believing that an ice sheet created on a fluvial landscape would quickly carve a bed better adjusted to the discharge of ice (Kessler et al., 2008; . Troughs facilitate the discharge of ice through bounding mountains and are likely to be created early in a glacial episode. Could the excavation of the troughs by such early ice sheets be responsible for the lowering of the ice surface and the rerouting of ice flow around the Shackleton Range?
Perspective on the processes involved can be gained by simple calculations. We can assume that the pre-glacial coast lay immediately off the Shackleton block and that the river valleys bounding the mountains to the north and south were graded to sea level. In the absence of troughs, and taking a simple model assuming perfect plastic behaviour and a horizontal base, an ice sheet would build up with ice-surface gradients approximating to a parabola rising inland from the coast and reaching elevations of 1000 m at 50 km and 1500 m at 100 km (Nye, 1952) . This compares with the present ice surface slope along the Slessor Glacier with elevations rising from 100 m near the grounding line to 250 m at 50 km and 500 m at 100 km inland. Even allowing for the simplicity of the assumptions, the transformation of a pre-existing river valley into a trough suitable for outlet-glacier flow reduces ice surface elevations in the vicinity of the Shackleton Range by an order of 750-1000 m.
The isostatic effect of removing the mass of rock to form the glacial troughs can also be approximated. The massif is 80 km across and bounded by the 50 km-wide Slessor and 70 km-wide Recovery valleys, both assumed to be close to sea level before glaciation. Figure 5 shows a cross section across the troughs at a point ~150 km from the edge of the mountain block. The upper panel shows the initial state of glaciation with an ice sheet surface altitude of ~2000 m submerging the mountains. The ice surface slopes from south to north to represent the evidence of flow across the mountains. No adjustment is made for isostatic depression under the ice load. Figure  5 (lower panel) shows the ice surface and bed topography today, the latter reflecting the deepening caused by glacial erosion. The cross-sectional area of glacially eroded rock is 58 km 2 and 108 km 2 in the case of the Slessor and Recovery troughs respectively. We assume a constant depth of ice during excavation, although its distribution changes, and also that the crust remains rigid over such a relatively short distance. Allowing for removal of rock from the cross-sectional areas of these valleys would cause isostatic uplift of the area, including the intervening Shackleton Range, by approximately 800 m. It is important to stress that this is a value obtained for a cross section of the mountains where the troughs are deepest. In reality the overdeepened basins are restricted spatially and thus if erosion is averaged over a wider area, the isostatic compensation will be less.
The implication of these simple calculations is sufficient to demonstrate the viability of a process whereby glacial erosion of outlet glacier troughs lowers the adjacent ice sheet surface and exposes adjacent mountain massifs. In the case of the Shackleton Range, field observations show that the deepening of the surrounding troughs lowered the ice-sheet surface relative to the mountains by a minimum of 650 m, which is the height of the bounding trough walls overlooking Recovery Glacier. Since the ice flowed across the massif, the relative lowering must have been more, perhaps by several hundred metres, giving a total lowering relative to the mountains at least of the order of 800-1000 m.
Our data indicate that the lowering occurred earlier than 2.5 Ma and, by analogy with elsewhere in Antarctica, it is likely that much of this had been achieved by the mid Miocene. It is possible that the younger dates on Mt Provender represent an intermediate stage of relative lowering, perhaps within the last few million years. If so, this may have been the ice sheet that deposited erratics with 21 Ne exposure ages of 0.8 Ma years on the mountain slopes. Alternatively, this phase could be related to changes in ice thickness linked to early Quaternary climatic cycles. Subsequent relative lowering of ~150 m during the Quaternary has been suggested on the basis of the interpretation of exposure ages of glacial deposits on the flanks of the Slessor Glacier (Hein et al., 2013) The role of the processes involved in the excavation of troughs and their effect on lowering relative ice surface elevations are coupled and difficult to disentangle. The transformation of a fluvial valley, perhaps with interlocking spurs, into a trough form to permit low-gradient ice-stream flow does not necessarily involve rock uplift and yet it will lower ice surface elevations. But rock uplift by isostatic compensation makes the excavation of a deep trough easier to envisage. Moreover it introduces a feedback mechanism whereby ice is increasingly channelled down the troughs and around any intervening mountains, thus increasing the potential for further deepening of the troughs. Such a process is suggested by the coincidence of the overdeepened basins with ice flow which is progressively confined as it circumvents the mountain massif (Fig. 2) .
One can speculate further on the macro-geomorphology of the Shackleton Range. Perhaps its morphology and lack of Beacon Supergroup cover rocks is due to the chance that two major continental river valleys discharged from the continent only 80 km apart. Excessive deepening of troughs on either side may have caused an unusually high amount of uplift. In such a case the uplift may have been of basement rocks originally exposed as a result of base-level lowering at the coast following continental break up. Such a coastal erosion surface cut in basement rocks occurs in the Transantarctic Mountains in the McMurdo Dry Valleys and is typical of passive continental margins (Kerr et al., 2000) . Even further, could the tilt of the Shackleton block with the highest elevations along the southern flank of the massif be due to differential rock uplift because of the contrast between the volumes of the two bounding troughs? In other words excavation of the larger Recovery trough has caused more flank uplift than the smaller Slessor trough.
It could be argued that tectonic uplift of the massif could equally well explain the emergence of the Shackleton Mountains above the ice-sheet surface. The role of such movements cannot be ruled out, but the presence of gentle fluvial slopes associated with river valleys flowing towards the Slessor valley at an elevation of only 240 m would seem to rule out significant tectonic uplift, at least since initial glaciation.
Conclusion
This paper studies a subglacial fjord landscape in the Shackleton Range, Antarctica and presents evidence that ice-sheet erosion of troughs across a passive continental margin caused the adjacent mountains to emerge above the ice-sheet surface. Use of multiple cosmogenic isotopes help establish that the overriding and deepening of the troughs occurred earlier than the Quaternary. We suggest significant erosion occurred in the mid Miocene maximum, as elsewhere in East Antarctica in the Dry Valleys and the Lambert trough.
The main implication of the paper is that the erosional processes which deepen the bed of an ice sheet increase the topographic relief and can change the thickness, extent and direction of overriding ice flow. Our dating in Antarctica is too limited to establish the rates of landscape evolution by ice sheets. Nevertheless, it reveals that excavation of troughs over millions of years caused the Shackleton Range to be exposed and this changed the flow of the surrounding ice sheet. Isostatic recovery has uplifted the mountain block in response to the loss of a mass of rock eroded by deep troughs cut into the Slessor and Recovery river valleys. For simplicity we assume the ice load is the same in both scenarios. Bed and ice surface topography after Fretwell et al., 2013) . 
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